**Core tip:** The rat is born with an immature gut and is thus a suitable model to study gut development. Enteral provocation with phytohaemagglutinin or protease induces precocious gut maturation in conventional (euthymic) rats. It has been suggested that T-lymphocytes are required for gut digestive maturation. The current study showed that precocious gut maturation could be induced by enteral provocation in athymic nude rats similar to that which occurs in euthymic rats. The few intestinal mucosal CD3^+^-T-cells that were observed in the athymic nude rats appeared to be unaffected by enteral provocation. The intestinal absorptive capacity in nude pups was enhanced when nurtured by conventional (immunocompetent) foster dams.

INTRODUCTION
============

Rodents are an altricial mammalian species that are born highly immature and undergo extensive postnatal development\[[@B1],[@B2]\] making the neonatal rat a suitable model to study gastrointestinal (GI) development and its coordination with changes in the luminal dietary and microfloral milieu\[[@B3],[@B4]\]. During the third postnatal week, the weaning period in the rat, the GI tract shows enhanced growth and undergoes vast maturation\[[@B2]\].

In the distal small intestine (SI), the immature enterocytes with large supranuclear vacuoles, featuring high endocytic and intracellular digestive capacities\[[@B5]\], are replaced by adult-type non-vacuolated enterocytes, lacking these properties. In the proximal SI, the immature enterocytes expressing the neonatal-Fc-receptor (FcRn), involved in transcytosis of milk-borne IgG, are exchanged for low FcRn expression mature enterocytes\[[@B6],[@B7]\]. These SI changes result in a decreased intestinal permeability (gut closure) and absorption of maternal IgG ceases\[[@B8]\]. The gut digestive capacity increases during weaning with characteristic changes in enterocyte brush-border enzymes and pancreatic enzymes secretion\[[@B1],[@B9]\].

The gut immune system is also immature and naïve at birth in the rat\[[@B10]\], and maternal passive immunity is transferred to the young, *e.g*., milk-borne antibodies and immune cells\[[@B11],[@B12]\]. At weaning, which is apparently coordinated with digestive maturation, dietary and microbial changes stimulate the immune system through the recruitment of immune cells to the gut mucosa\[[@B13]\] and up-regulation of pro-inflammatory cytokines, resulting in what is referred to as controlled "physiological" inflammation\[[@B14]\].

We have previously shown that gut maturation can be induced precociously in suckling rats by enteral provocation with phytohaemagglutinin (PHA) - a lectin\[[@B15],[@B16]\], or proteases\[[@B17]\], mimicking the naturally occuring processes at weaning. Furthermore, provocation with PHA had effects on the thymus and the recruitment of CD3^+^ T-lymphocytes to the gut mucosa\[[@B16]\]. In fact, it has been suggested that natural GI development at weaning is dependent on T-cell activation in rats\[[@B18]\].

Consequently, the current study aimed to investigate the impact of thymus-derived T-lymphocytes on GI maturation, using an athymic, T-cell deficient (nude), rat strain\[[@B19]\], in combination with our experimental model of induced precocious gut maturation by enteral provocation in suckling rats\[[@B15]-[@B17]\].

MATERIALS AND METHODS
=====================

Animals
-------

The experiment was approved by the local Malmö-Lund Ethical Review Committee for Animal Experimentation and conducted in accordance with the European Community regulation concerning the protection of experimental animals (2010/63/EU). The protocol number is M169-14. The experiments were carried out using rats (*Rattus norvegicus*) of the athymic (nude) strain (NIH-*Foxn*1^rnu^, Charles River Laboratories International Inc.) and conventional (euthymic) rats of the Sprague-Dawley (SD) strain (SPRD Han, Taconic M&B, Denmark). The rats were bred and kept in the departmental facility under specific pathogen-free conditions (20 ± 1 °C, 50% ± 10% relative humidity, 12:12 h light-dark cycle). Pregnant dams were moved to individual cages (polycarbonate) with aspen wood bedding (Beekay B & K Universal AB, Sweden), enriched with paper-nesting material (Sizzle-pet, Lillicobiotech). Rats had free access to water and a rodent chow (R36, Lactamin). Parturition date was denominated as day 0 and all nude rat pups litters were kept with the dams during the experiments and a 7 cm wall extender was used to prevent the pups from reaching the chow whilst still nursing from their mothers.

Experimental design
-------------------

Experiments were performed in a split-litter mode in two different nursing sets of nude rats, either nursed by their mother (Nude/Nude) or cross-fostered from the third postnatal day by conventional dams (Nude/SD). Enteral provocation was performed as previously described\[[@B15]-[@B17]\]. In short, 14 day-old nude rats were gavaged *via* a stomach tube with either porcine pancreatic trypsin (Novo) - a protease (Prot), or with phytohaemagglutinin (PHA) purified from red kidney beans (*Phaseolus vulgaris*) - a lectin\[[@B15]\]. Both were administered as a single dose (Prot, 1 mg/g b.wt; PHA, 0.1 mg/g b.wt) or once a day for three days (Protx3, 0.6 mg/g b.wt; PHAx3; 0.05 mg/g b.wt). Control pups received the vehicle water in matching volumes (0.01 ml/g b.wt).

Intestinal in vivo permeability test
------------------------------------

At the end of the experiment on day 17, intestinal macromolecular permeability was assessed. A marker cocktail solution containing bovine serum albumin (BSA, Sigma, 1.25 mg/g b.wt) and bovine immunoglobulin G (BIgG, Sigma, 0.25 mg/g b.wt) was administered to the rats via a stomach tube and blood samples were collected 3 h later.

Euthanasia and organ collection
-------------------------------

On day 17, the animals were weighed and anesthetized using a subcutaneous injection of a mixture of ketamine (Ketalar^®^, Pfizer, United States; 0.17 mg/g b.wt.) and azaperone (Stresnil^®^, Janssen Pharmaceutica, Belgium; 0.03 mg/g b.wt.) prior to sample collection. To ensure deep anaesthesia the rats' eyelid and withdrawal reflexes were assessed. After opening the thorax, blood was collected by cardiac puncture in EDTA-containing syringes. The blood was then centrifuged at 3000 × *g* for 15 min at + 4 °Cand plasma was obtained and stored at -20 °C until further analysis. The pancreas was then dissected out, weighed and stored at -70 °C. The SI was divided into proximal and distal halves, the luminal content flushed out with ice-cold saline and SI length and weights were measured. Samples from the middle part of each SI half were fixed in 40 g/L phosphate buffered formaldehyde for 24 h and further embedded in paraffin. Spleen, liver, stomach and caecum were also weighed.

Histology and immunohistochemistry
----------------------------------

SI sections were deparaffinised and stained with haematoxylin and eosin using standard procedures. Morphometry of at least 20, appropriately oriented, villi and crypts from each rat was analysed using ImageJ software (<http://imagej.nih.gov/ij>). For immunohistochemical analysis of CD3^+^-cells, SI sections were deparaffinised and subjected to antigen retrieval by microwaving (2 × 8 min, 750 W) in 10 mmol/L Na-Citrate buffer (pH 6.0). Endogenous peroxidase was blocked with Peroxidized1, while background was reduced with Background Punisher (Biocare Medical, Llc.). Incubation with the primary antibody, rabbit-monoclonal anti-CD3 (1:100, SP7, Abcam), was done overnight at + 4 °C. Detection of CD3^+^-cells was performed using an HRP-Polymer Detection kit (MACH4 Universal; Biocare Medical, Llc.), according to the manufacturer's instructions and the sections were counter-stained with haematoxylin. As a negative control for the unspecific binding of the HRP-Polymer detection kit, sections incubated with the antibody diluent, 10 g/L BSA in PBS were included.

Plasma analyses
---------------

The BSA marker concentration was measured by electroimmunoassay\[[@B20]\], using rabbit anti-BSA as the precipitating antibody and purified BSA as the standard, while the BIgG concentration was determined by single radial immunodiffusion using rabbit anti-BIgG as the precipitating antibody (Sigma-Aldrich) and purified BIgG as the standard\[[@B21]\], as previously described\[[@B8]\]. Passive immunity transfer was measured as rat plasma IgG level, which was quantified by single radial immunodiffusion using rabbit anti-rat-IgG (DAKO A/S, Denmark) as the precipitating antibody and purified rat IgG (Miles Laboratories, INC., United States) as the standard\[[@B21]\].

Pancreatic analyses
-------------------

The pancreata were homogenized in ice-cold 0.2 mol/L Tris-HCl buffer + 0.05 mol/L CaCl~2~, pH 7.8 (1:10 wt/vol) using a glass homogenizer, and then centrifuged at 15000 × *g* for 20 min at + 4 °C. After activation with enteropeptidase (Sigma-Aldrich), trypsin activity, in the supernatant of the pancreatic homogenates was determined spectrophotometrically using a microplate modification\[[@B22]\] of the method described by Fritz et al\[[@B23]\] and benzoyl-DL-arginine-4-nitroanilide (BAPNA, Sigma-Aldrich) as the substrate. The trypsin activity in units (U) was recalculated as the amount of enzyme that catalyses 1 μmol of substrate per minute. The protein concentration in the supernatants was determined using the Lowry method\[[@B24]\] with a modification for 96-well microplates and using purified BSA (Sigma Chemicals) as the standard.

Statistical analyses
--------------------

Statistical analysis was carried out using Prism 7 (<http://www.graphpad.com>). Comparisons between Nude/Nude treatment and controls were performed using an unpaired *t*-test and multiple *t*-test with Sidak post-test. Comparisons within Nude/SD, were performed using a one or two-way ANOVA and Dunnett's multiple comparison post-test. Comparison of control groups in different nurturing sets were performed either using an unpaired *t*-test or a one-way ANOVA and Tukey's multiple comparison post-test. All differences were considered significant when *P* \< 0.05.

RESULTS
=======

Body and organ weights
----------------------

Gavage with PHA had no significant effects on the body weight of nude, mother-fed pups (Nude/Nude) 3 d after treatment. Significantly increased body weights were observed in the fostered, nude pups (Nude/SD) that were treated repeatedly with PHA or protease (PHA/Protx3) compared to control littermates gavaged with water (Table [1](#T1){ref-type="table"}).

###### 

Effects of luminal provocation with phytohaemagglutinin or protease on growth and precocious gut maturation in suckling 17 d old nude rats nurtured either by their mothers or by conventional foster dams

                                                                **Nude/Nude**   **Nude/SD**                                                                                                                                                                                                                                                                       
  ------------------------------------------------------------- --------------- ------------------------------------ -------------- ------------------------------------ -------------- -------------- ------------------------------------ -------------- ----------------------------------- -------------- ------------------------------------ -------------- -----------------------------------
  Number of individuals (*n*)[3](#T1FN2){ref-type="table-fn"}   9-10            11                                   5              5                                    8              4              7                                                                                                                                                          
  Body weight (g)                                               23.03 ± 9.26    ns[4](#T1FN3){ref-type="table-fn"}   23.64 ± 7.80   ns[5](#T1FN4){ref-type="table-fn"}   26.62 ± 1.56   26.88 ± 0.81   ns[5](#T1FN4){ref-type="table-fn"}   28.30 ± 1.69   a[5](#T1FN4){ref-type="table-fn"}   27.78 ± 1.04   ns[5](#T1FN4){ref-type="table-fn"}   28.63 ± 1.28   b[5](#T1FN4){ref-type="table-fn"}
  Organs weight (mg/g2.wt6)                                                                                                                                                                                                                                                                                                                                       
  Stomach                                                       6.5 ± 0.9       ns                                   7.0 ± 0.6      ns                                   6.1 ± 0.5      7.0 ± 0.3      ns                                   6.8 ± 0.5      ns                                  6.3 ± 0.4      ns                                   6.2 ± 0.2      ns
  SI length (cm)                                                2.1 ± 0.7       ns                                   2.2 ± 0.5      ns                                   1.8 ± 0.1      1.9 ± 0.0      ns                                   1.9 ± 0.1      ns                                  2.0 ± 0.1      ns                                   1.8 ± 0.1      ns
  Proximal SI                                                   17.0 ± 1.9      *P* \< 0.05                          22.0 ± 1.8     c                                    15.0 ± 0.6     22.8 ± 1.5     d                                    22.0 ± 1.1     d                                   22.8 ± 1.1     c[1](#T1FN1){ref-type="table-fn"}    18.7 ± 1.3     d
  Distal SI                                                     13.9 ± 1.4      ns                                   15.7 ± 1.4     a                                    13.2 ± 0.4     16.4 ± 1.0     d                                    18.0 ± 1.2     d                                   17.7 ± 1.1     d                                    16.0 ± 1.3     d
  Caecum                                                        2.4 ± 0.6       ns                                   3.0 ± 0.4      ns                                   2.0 ± 0.2      2.9 ± 0.5      ns                                   2.7 ± 0.3      ns                                  2.8 ± 0.4      ns                                   2.8 ± 0.3      ns
  Spleen                                                        4.4 ± 0.6       ns                                   4.4 ± 0.8      ns                                   4.4 ± 0.4      4.4 ± 0.2      ns                                   4.5 ± 0.2      ns                                  5.4 ± 0.3      ns                                   4.5 ± 0.2      ns
  Liver                                                         38.8 ± 3.2      *P* \< 0.05                          36.5 ± 2.1     a                                    34.9 ± 1.2     36.3 ± 1.6     a                                    36.4 ± 1.3     b                                   37.0 ± 0.8     b                                    36.2 ± 1.1     b
  Pancreatic function:                                                                                                                                                                                                                                                                                                                                            
  Pancreas (mg/g b.wt)                                          3.3 ± 0.8       ns                                   3.8 ± 0.4      ns                                   2.7 ± 0.3      3.3 ± 0.3      ns                                   3.3 ± 0.3      ns                                  3.5 ± 0.3      ns                                   3.3 ± 0.3      ns
  Trypsin (U/mg wet wt[7](#T1FN5){ref-type="table-fn"})         2.8 ± 1.5       ns                                   5.5 ± 1.2      c                                    2.8 ± 1.1      8.5 ± 1.7      d                                    6.5 ± 0.9      d                                   6.8 ± 0.9      d                                    3.5 ± 0.9      ns
  Protein (μg/mg wet wt[7](#T1FN5){ref-type="table-fn"})        70.2 ± 24.0     ns                                   64.3 ± 15.5    ns                                   65.4 ± 8.4     97.3 ± 10.7    c                                    92.8 ± 16.0    c                                   85.3 ± 6.9     a                                    74.5 ± 5.2     ns
  Trypsin (U/mg Protein)                                        43.1 ± 19.1     ns                                   91.8 ± 34.5    b                                    42.3 ± 17.0    89.5 ± 25.5    c                                    70.7 ± 10.7    a                                   79.5 ± 8.5     b                                    47.6 ± 13.2    ns
  Morphometry:(*n*)                                             -3                                                   -4                                                  -5             -5                                                  -7                                                 -4                                                  -7             
  Proximal SI: Villi height                                     375 ± 55        ns                                   440 ± 21       ns                                   394 ± 23       457 ± 24       b                                    452 ± 20       a                                   394 ± 47       ns                                   418 ± 34       ns
  Villi width                                                   117 ± 16        ns                                   123 ± 16       ns                                   107 ± 10       113 ± 10       ns                                   105 ± 12       ns                                  113 ± 17       ns                                   120 ± 8        ns
  Crypt depth                                                   70 ± 3          ns                                   83 ± 7.0       a                                    61 ± 4.0       81 ± 7.0       b                                    81 ± 13        b                                   64 ± 6         ns                                   68 ± 8         ns
  VH/CD                                                         5.4 ± 0.6       ns                                   5.3 ± 0.4      ns                                   6.5 ± 0.6      5.7 ± 0.8      ns                                   5.7 ± 0.9      ns                                  6.2 ± 0.7      ns                                   6.2 ± 0.6      ns
  Distal SI: Villi height                                       362 ± 11        ns                                   356 ± 14       ns                                   365 ± 58       370 ± 27       ns                                   426 ± 52       ns                                  374 ± 31       ns                                   379 ± 35       ns
  Villi width                                                   99 ± 4          ns                                   100 ± 11       ns                                   91 ± 12        91 ± 13        ns                                   97 ± 8.0       ns                                  91 ± 9         ns                                   91 ± 7.0       ns
  Crypt depth                                                   68 ± 5          ns                                   72 ± 3.0       ns                                   56 ± 6.0       71 ± 7.0       b                                    72 ± 6.0       b                                   69 ± 7         a                                    69 ± 7.0       b
  VH/CD                                                         5.3 ± 0.3       *P* \< 0.05                          4.9 ± 0.2      ns                                   6.5 ± 0.5      5.3 ± 0.7      a                                    6.0 ± 1.0      ns                                  5.5 ± 0.2      ns                                   5.5 ± 0.2      a

Nude 14 d old rat pups were treated by gavage with PHA or water (Control) and reared by their own nude mothers (Nude/Nude); ^2^Nude 14-day-old rat pups gavaged with PHA once or once a day for 3 days (PHAx3), a protease once (Prot) or once a day for 3 d (Protx3) or water (Control) and fostered by conventional Sprague-Dawley (SD) dams (Nude/SD);

Data presented as mean ± SD;

Statistical differences between treatment groups compared to control group within the same nursing set;

Statistical differences between control groups from different nursing sets (Nude/Nude compared to Nude/SD). *P* \< 0.05 or non-significant (ns); ^6^Organ weights expressed per body weight (mg/g b.wt);

Pancreatic trypsin activity (U/mg) and protein content expressed per pancreatic wet weight (µg/mg). ^a^*P* \< 0.05, ^b^*P* \< 0.01, ^c^*P* \< 0.001, ^d^*P* \< 0.0001 or non-significant (ns). PHA: phytohaemagglutinin.

Administration of PHA to Nude/Nude pups and PHA or protease to Nude/SD pups stimulated SI growth with increased weights of both SI regions observed compared to that of controls. No significant differences in SI length and stomach and caecum weights were observed in the rats that received PHA and/or protease compared to controls. Significantly increased liver weights (*P* ≤ 0.03) were observed in treated Nude/SD pups, while liver weights in the Nude/Nude pups were decreased (*P* = 0.06). Spleen weight was not significantly affected by treatment or nurturing.

Body weights of Nude/Nude pups appeared generally lower than the Nude/SD pups, even though no significance was found, possibly due to the high variation between the Nude/Nude pups. The relative weights of the proximal SI (*P* = 0.039) and liver (*P* = 0.0001) were significantly increased in Nude/Nude control pups compared to Nude/SD controls.

Pancreas
--------

Gavage with PHA or protease did not affect pancreatic weight, but increased pancreatic protein and trypsin contents (Table [1](#T1){ref-type="table"}). Pancreatic protein and trypsin contents were significantly increased in all treated Nude/SD pups (*P* ≤ 0.04 and *P* ≤ 0.0004, respectively) compared to controls, except for in the Nude/SD pups that were repeatedly treated with protease (Protx3), while no effect was observed in the Nude/Nude pups. The relative trypsin to protein pancreatic content was significantly increased in all treated nude pups nurtured either by their mother (Nude/Nude, *P* = 0.001) or by foster dams (Nude/SD, *P* ≤ 0.013), except for in the pups that were repeatedly treated with protease (Protx3).

Intestinal morphology
---------------------

Significantly increased crypt depth (*P* = 0.036) was observed in the proximal small intestine of PHA-treated Nude/Nude pups, while in the Nude/SD pups both crypt depth (PHA and PHAx3, *P* ≤ 0.0068) and villi height were significantly increased after PHA treatments (PHA and PHAx3, *P* ≤ 0.01) (Table1). In the distal SI, only crypt depth was significantly increased by both treatments in Nude/SD rats (*P* ≤ 0.02), resulting in a significantly decreased villi height to crypt depth ratio in the PHA (*P* = 0.023) and Protx3 (*P* = 0.048) groups of Nude/SD rats. No significant effects were observed in villi width.

In the distal SI, the proportion of non-vacuolated (adult-type) epithelial cells appearing from the villi base following treatments (Figure [1](#F1){ref-type="fig"}) was measured to assess maturational status. The proportion of non-vacuolated (adult-type) epithelial cells was significantly increased after all treatments in the nude pups, independently of their nurturing (*P* ≤ 0.017), except for in the Protx3 group (*P* = 0.08), compared to control pups.

![Epithelial maturation in the distal small intestine expressed as adult-type epithelium replacing the foetal-type vacuolated epithelium. A: Photomicrograph (× 200, scale bar 100 μm) of H&E stained distal small intestine representative of a rat after PHA gavage (right) as compared to a control rat (left), with white bar connectors showing the portion of adult-type epithelium along the villus. B: Degree of intestinal epithelial maturation (%) in nude 14 day old rat pups treated by gavage with a kidney bean lectin - PHA (*n* = 4) or water (Control *n* = 3) and reared by their own mothers (Nude/Nude) and nude rat pups gavaged with PHA (*n* = 5) once or once a day for 3 d (PHAx3 *n* = 7), a protease once (Prot *n* = 4) or once a day for 3 days (Protx3 *n* = 7) or water (Control *n* = 5) and fostered by conventional SD dams (Nude/SD). Data presented as mean ± SD and differences were considered significant when *P* \< 0.05. Significant differences between groups within nurturing groups (Nude/Nude or Nude/SD) indicated with ^a^*P* \< 0.05, ^b^*P* \< 0.01, ^c^*P* \< 0.001, ^d^*P* \< 0.0001 or non-significant (ns).](WJG-23-7531-g001){#F1}

Intestinal permeability
-----------------------

Significantly decreased plasma concentrations of both permeability markers, BIgG and BSA, were observed in all treatment groups compared to controls gavaged with water (*P* = 0.0001), except for the BSA levels in the Protx3 Nude/SD pups (*P* = 0.07) (Figure2). The plasma concentration of the cumulative permeability marker of milk-borne IgG absorption, RIgG, was significantly decreased following a single treatment with PHA and protease (*P* ≤ 0.003) compared to control pups in the Nude/SD group that were gavaged with water (Figure [2C](#F2){ref-type="fig"}).

![Intestinal *in vivo* permeability. Plasma concentrations 3 h after gavage of the marker molecules: A: Bovine IgG (BIgG); B: Bovine serum albumin (BSA) in nude 17-day-old suckling rats after luminal provocation; C: Transfer of passive immunity *via* milk as plasma concentrations of immunoglobulin G (RIgG) in nude suckling 17-day-old rats after luminal provocation and compared to 17-day-old suckling conventional pups. Nude 14-day-old rat pups treated by gavage with PHA (*n* = 11) or water (Control, *n* = 8) and reared by their own mothers (Nude/Nude), and nude rat pups gavaged with PHA (*n* = 5) once or once a day for 3 d (PHAx3, *n* = 7), a protease once (Prot, *n* = 4) or once a day for 3 d (Protx3, *n* = 7) or water (Control, *n* = 5) and fostered by conventional SD dams (Nude/SD). Data presented as mean ± SD and differences were considered significant when *P* \< 0.05. Significant differences between groups within nurturing groups (Nude/Nude or Nude/SD) and between control groups from different nursing sets indicated with ^a^*P* \< 0.05, ^b^*P* \< 0.01, ^c^*P* \< 0.001, ^d^*P* \< 0.0001 or non-significant (ns).](WJG-23-7531-g002){#F2}

The impact of maternal nurturing (athymic-nude *vs* euthymic-SD) was assessed by comparing the intestinal permeability of the control nude pups. The foster-nurtured (Nude/SD) pups displayed significantly higher BSA permeability compared to those nurtured by their mother (Nude/Nude) (*P* = 0.01), while no such difference was observed for BIgG permeability (*P* = 0.39) (Figure [2A](#F2){ref-type="fig"} and B). The nude pups nurtured by their mother (Nude/Nude) displayed significantly lower plasma RIgG concentrations compared to those nurtured by foster dams (Nude/SD, *P* = 0.02) or conventional pups (SD/SD, *P* = 0.0004), while no differences in plasma RIgG concentration were observed between cross-fostered nude rats (Nude/SD) and conventional rat pups (SD/SD) (Figure [2C](#F2){ref-type="fig"}).

Intestinal CD3 immunostaining
-----------------------------

Nude rat pups displayed very few CD3^+^-cells in the SI mucosa, mainly associated with the epithelium, possibly intraepithelial lymphocytes (IEL), and some rarely scattered as villus *lamina propria* lymphocytes (LPL) (Figure [3](#F3){ref-type="fig"}). No differences were observed between PHA-treated, protease-treated and control nude pups (data not shown) or between nursing sets. In contrast, in euthymic SD rats, 7 to 28-d old, increased amounts of CD3^+^-cells were observed in the SI mucosa (age-matched 17-d old control SD/SD shown in Figure [3](#F3){ref-type="fig"}).

![CD3^+^ cells in the intestinal mucosa of nude rats. Immunostaining of the proximal and distal small intestine in nude 17-day-old suckling rats after luminal provocation with PHA at 14 d of age or water-gavage (controls), nurtured by their mothers (Nude/Nude) or by conventional foster SD dams (Nude/SD) as compared to 17-day-old suckling conventional SD pups (SD/SD). Representative photomicrographs (× 200, scale bar 100 μm) of immunostained CD3^+^-cells in the small intestine. Positive cells indicated by arrows. PHA: phytohaemagglutinin.](WJG-23-7531-g003){#F3}

DISCUSSION
==========

The current study investigated, whether precocious gut maturation could be induced in nude rat pups inherently lacking a functional thymus (T-cell deficient)\[[@B25]\], as previously shown in the conventional euthymic rat model\[[@B15],[@B17]\].

Gavage of PHA and/or protease had a growth promoting effect in the nude rat pups, resulting in significantly increased body weight, especially in the rat pups that received the treatments more than once. Moreover, increased villi height was observed in the proximal SI segment and increased crypt depth was observed in both the proximal and distal SI segments in the treated nude pups, indicating increased crypt cell proliferation. The villi height/crypt depth ratio decreased in most of the treatment groups, denoting the structural transition which occurs during the maturation process\[[@B1]\]. In addition, SI maturation was confirmed by the change in enterocyte phenotype in the distal SI, with immature vacuolated enterocytes being replaced by adult-type non-vacuolated ones\[[@B15],[@B17]\].

Although no treatment effect was observed with regards to pancreas growth, increased trypsin content was observed after enteral provocation in the nude pups, indicating maturation of the digestive function, which as previously suggested is possibly involved in the initiation of intestinal maturation \[[@B17]\].

The intestinal barrier function was assessed using the *in vivo* permeability test, which indicated cessation of the absorption of both macromolecular markers (BSA and BIgG) in PHA- and protease-treated nude pups, consistent with "gut closure"\[[@B8],[@B15]-[@B17]\]. BSA, which is assumed to be absorbed mainly through nonspecific endocytosis, decreases the intestinal passage coinciding with the replacement of the immature highly endocytotic vacuolated epithelial cells in the distal SI. BIgG is allegedly transported by FcRn-mediated transcytosis in the proximal SI\[[@B8]\] where the epithelial expression of FcRn is reduced during natural and induced maturation in rat pups\[[@B6],[@B7]\].

Provocation with PHA and protease (single dose) in nude pups reared by immunocompetent foster-dams resulted in significantly lower plasma concentrations of the cumulative marker for passive immunity transfer, RIgG, compared to that observed in the corresponding control rat pups. Thus indicating the progressive replacement of the foetal-type gut epithelium by the mature-type gut epithelium with a lowered expression of FcRn over time\[[@B7]\].

Taken together, these results indicate that enteral provocation with PHA or protease can induce precocious gut maturation in athymic neonatal rats resulting in similar changes to those previously shown in euthymic rat pups or seen during natural weaning\[[@B15]-[@B17],[@B26]\]. Previous studies in immunodeficient mice have shown that during the peri- and post-weaning periods, recruitment of lymphocytes to the intestinal epithelia elicited a transcriptional response in the enterocytes but did not have effects on crypt proliferation\[[@B27]\]. The treatments used in the current study were administered using two different approaches based on previously published results showing that PHA and Protease induced precocious gut maturation were dose-dependent\[[@B15]-[@B17]\]. The lower dose treatment that was repeated (once a day for three days) serves as an experimental simulation of the naturally occurring processes at weaning, where there is a gradual transition from a milk-based to a solid diet. Alternatively, the single administration of a higher treatment dose could be considered similar to an abrupt stressful event, such as maternal separation from the dam, which requires a rapid mechanism of adaptation involving accelerated maturation.

Maternal effects were observed on the overall vitality of the rat pups. Since the nude rats that were nurtured by nude mothers showed a general decrease in growth with signs of undernourishment, they were transferred to immunocompetent foster dams, allowing us to perform experiments in larger sets of littermates. The results showed that nude rat pups nursed by nude mothers displayed lower absorption of the BSA marker, however no effects were observed in the absorption of the BIgG marker. The difference in absorption between the two marker molecules could be due to the different routes of transport, unspecific (BSA) *vs* receptor-mediated endocytosis (BIgG). The passive immunity transfer, as seen by the accumulation of plasma RIgG, was decreased in nude rats nursed by nude mothers compared to those fostered by conventional dams. Hence, maternal milk from immunocompetent dams provided higher levels of passive immunity (IgG) while simultaneously improving the unspecific intestinal absorptive capacity (BSA) of the nude pups during the suckling period, resulting in better growth and survival. It has previously been shown that immunodeficient mice fostered by wild-type dams had increased pre-weaning mRNA expression of intestinal FcRn\[[@B28]\], despite this we did not observe differences in BIgG absorption.

Consequently, differences in the absorptive capacity due to foster-nursing indicated that milk factors from conventional dams promoted gut growth and delayed gut functional maturation in nude rat pups. Thus, suggesting that the immunocompetence of the dam, maternal milk content and composition, and passive immunity transfer, influence the timing of gut maturation even though it is a genetically programmed process. This would imply that nude dams would provide pups with immunodeficient milk lacking the capacity to supress gut maturation.

In conventional rats mucosal CD3^+^-cells can be found early after birth and increase in number at weaning\[[@B13]\], whereas they are not present until after weaning in mice\[[@B28]\] and until 4-6 mo of age in the athymic rats\[[@B25]\]. However, the current study showed the presence of low amounts of CD3^+^ T-cells already in neonatal nude rats. These cells could be of maternal origin, translocated from the milk into the intestinal mucosa\[[@B11],[@B12],[@B19]\], or they could be developed outside of the thymus, in the SI\[[@B29]\]. Since neither cross-fostering, nor enteral provocation as seen in euthymic rats\[[@B16]\] seemed to increase the number of CD3^+^-cells, the extra-thymic development of these mucosal CD3^+^-cells would be more probable. Nonetheless, phenotypic differences between intraepithelial lymphocytes (IELs) and lamina propria lymphocytes (LPLs) have been described\[[@B4]\] and further characterisation of the intestinal CD3^+^-IELs found in nude rats should be studied.

The recruitment of thymus-derived T-cells to the intestinal mucosa has been shown to be essential for gut maturation\[[@B18],[@B19]\] while kept immature by regulatory T-cells until weaning, as recently shown in mice\[[@B14]\]. The present study shows that gut maturation is independent of thymus-derived T-cells, but since the immune system in neonatal nude rats can adjust to the thymus deficiency\[[@B30]\] further studies are needed to elucidate the possible involvement of extra-thymic CD3^+^-T-cells, such as δ-T-cells or other immune cells, in gut maturation\[[@B31]\].

In conclusion, the study showed a novel role of maternal milk in the regulation of the macromolecular absorptive capacity in immunodeficient athymic rat pups. Furthermore, despite the hypothesis on the direct role of T-cells in gut development, this study showed that induced gut maturation after enteral provocation does not depend on thymus derived T-cells, although an influence of rare mucosal extra-thymic CD3^+^-cells cannot be excluded.

COMMENTS
========

Background
----------
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